Background: Epithelial cells are recognized as the first line of defense against bacterial
Nicotine (N3876; Sigma-Aldrich, St Louis, MO) was stored in dark at -4°C. To evaluate the effects of CS on Ca9-22 cells, we used the commercially available CSC (Murty Pharmaceuticals, Lexington, KY), which was prepared from standard research cigarettes (1R3F; University of Kentucky, KY). 22 The percentage of nicotine in the CSC was documented to be 2.4% by the Clinical Pharmacology Laboratory, San Francisco
General Hospital, San Francisco, CA. 19 The CSC was diluted into dimethyl sulfoxide (DMSO) and aliquots were kept at -80°C. Stock CSC was thawed and added to cell growth media using serial dilutions to create treatment media of desired concentrations.
DMSO was used as the vehicle control.
Epithelial cell viability after exposure to nicotine or CSC
Ca9-22 cells were grown in flat-bottom culture plates to 80 to 90% confluence and then stimulated with various concentrations of nicotine or ethanol (control) at 37°C for 24
hours. All nicotine solutions were freshly prepared before each experiment. For CSC exposure, Ca9-22 cells were incubated with CSC in DMSO or plain DMSO (control).
Effects were tested over a range of nicotine or CS concentrations.
Cell viability after treatment with nicotine or CSC was determined using the trypan blue dye exclusion test. Ca9-22 cell cultures were grown in 6-well tissue culture plates, exposed or not to the various concentrations of nicotine or CSC. Approximately, 2 x10 5 cells were inoculated into each well and incubated at 37°C for 4 days to reach a confluent monolayer in MEM. The epithelial cells were incubated with nicotine or CSC for 24 hours. After this period, the medium was removed from the wells and the cells were washed three times with phosphate buffered saline (PBS) (pH 7.4, Wako Pure
Chemical Industries, Osaka, Japan). The cells were then detached from the wells by incubating with 1 ml trypsin-EDTA (TrypLE TM Select, Gibco) diluted in PBS at 37°C for 2 minutes. These cell suspensions were stained for 3 minutes using trypan blue (Merck Millipore Japan, Tokyo, Japan), in a proportion of 1:100 (v/v). The number of viable cells was assessed by manual counting.
Effect of CSC on cell morphology and cytoskeleton
Ca9-22 cells were grown on coverslips in six-well tissue culture plates and were incubated with various concentrations of CSC for 24 hours. The effect of CSC on the morphology of Ca9-22 cells was assessed by phase-contrast microscopy (Eclipse TE:DH, 100 W, Nikon, Tokyo).
In order to further observe the effect of CSC on cellular morphology and cytoskeleton, confocal scanning laser microscopy (CSLM) was performed. CSC-treated cells were fixed in 4% paraformaldehyde in PBS for 10 minutes. After washing three times with PBS, any excess of reactive groups paraformaldehyde were quenched with 50 mM NH 4 Cl in PBS for 10 minutes at room temperature. After washing, cells were incubated with Alexa Fluor 633 (green fluorescent dye) conjugated to phalloidin (Molecular Probes, Eugene, OR) for 30 minutes according to the manufacturer's recommendations to visualize the cellular cytoskeleton.
Coverslips mounted in an antifading mounting medium (VECTASHEILD, Vector
Laboratories, Burlingame, CA) were examined by CSLM using a LSM5 DUO microscope (Carl Zeiss MicroImaging, Göttingen, Germany) with a 63 x oil immersion objective. A series of 20-25 Z-stack images was scanned in increments using excitation wavelength of 633 nm. Images were analyzed using ZEN 2008 software (Carl Zeiss).
Effect of nicotine or CSC on cell proliferation
Cell proliferation after treatment with nicotine or CSC was determined using the modified MTT assay based on the cleavage of tetrazolium salt WST-1 (Premix WST-1
Cell Proliferation Assay System, Takara Bio, Otsu, Japan) to formazan, which is directly proportional to the number of living cells by cellular mitochondrial dehydrogenase.
Various concentrations of nicotine or CSC were added to the subconfluent Ca9-22 cells in 96-well plates. After 24 hours, 10 µl of premixed WST-1 reagent was added to each well and incubated for 1 hour for 37 °C in 5% CO 2. The resulting supernatants were then measured for absorbance at 450 nm using a microplate reader (SpectraMax M5e, software; Softmax Pro, Molecular Devices, Sunnyvale, CA).
Effect of CSC and/ or P. gingivalis on epithelial wound closure
To model the physiological environment of epithelial cells in smokers, confluent Ca9-22 monolayers in 6-well plates were incubated with nicotine or CSC with the concentration 11, 23 range that included the saliva concentrations of nicotine. After 24 hours, 3 artificial wounds per well were made using a pipette tip as described by Fang and Svododa. 9 The sizes of the wound were nearly constant (approximately 500 µm in width) at the beginning of cell migration. The cells were washed quickly to remove the floating detached cells. The wound area was monitored up to 12 hours using a microscope (Eclipse TE-DH , Nikon) equipped with a digital micro-camera system (FDX-35, Nikon To determine the effects of P. gingivalis infection, these experiments were essentially carried out as described as above, except that in some cases, P. gingivalis was added to nicotine or CSC-exposed Ca9-22 cells. P. gingivalis 33277 was cultivated as mentioned before (OD 660 = 1.0). The bacterial cultures were harvested by centrifugation, washed with PBS, and resuspended in MEM. CSC-treated Ca9-22 monolayers were then infected with P. gingivalis [2.0 x 10 7 cells per well; the multiplicity of infection (MOI= 100)] for 2 hours. After washing the monolayers with PBS, the wound assay was performed.
Assessment of the integrin expression
CSLM was also used to assess the expression of integrin in the wound closure assay, according to the method described by Sugisawa et al. 24 Briefly, the confluent Ca9-22 (Molecular Probes) to stain actin, for 1 hour at room temperature. The specimens were examined as described earlier.
RNA preparation and real-time PCR for integrin
Total RNAs were extracted using the phenol-chloroform method as follows. Sample was homogenized using 100 µl TRIzol Reagent (Invitrogen, Carlsbad, CA) and each solution was transferred to a 1.5 ml tube containing 100 µl chloroform and was mixed.
Each tube was centrifuged at 14,000 rpm at 4 °C for 20 minutes, after which each supernatant was placed in a 1.5 ml tube containing 250 µl 100% isopropanol at -80 °C for 1 hour. After centrifugation at 14,000 rpm at 4 °C for 20 minutes, the supernatant was discarded and the remaining total RNA pellet was washed with 70% cold ethanol and then dissolved in 50 µl RNase-free (DEPC-treated) water. The purity of total RNAs was assessed by Nano-drop ND-1000 spectrometer (Thermo Fisher Scientific, Wilmington, DE). One microgram of total RNA was reverse transcribed to cDNA using a commercial kit (ReverTra Ace Prior to bacterial infection, the wells were washed three times with PBS. The P.
gingivalis suspensions were then added to the monolayers (MOI= 100) and incubated for 2 hours. In some experiments, the bacterial suspensions were added without washing the wells, thus allowing the bacteria to be exposed to nicotine or CSC. After incubation, unattached bacteria were removed following washing of the monolayers 3 times with PBS. External adherent cells were then killed by incubating the infected monolayers with MEM containing 200 µg/ml of metronidazole and 300 µg/ml of gentamicin for 1 hour. After exposure to antibiotic, monolayers were washed twice with PBS, and lysed in 1 ml of sterile distilled water per well. Cells were incubated for 30 minutes, during which they were disrupted by repeated pipetting. Lysates were serially diluted and plated on blood agar plates supplemented with hemin and menadione, and incubated anaerobically at 37 °C for 10 days. Colony-forming units of invasive organisms were then enumerated. Invasion efficiency was expressed as the percentage of the initial inoculum recovered after antibiotic treatment and Ca9-22 lysis. The monolayers were checked microscopically prior to each invasion experiment. No significant differences between control monolayers and CSC inoculated monolayers could be observed.
Visualization of P. gingivalis invasion
Following treatment of Ca9-22 cells with CSC, P. gingivalis invasion was assessed. The protocol for visualization of bacterial internalization into gingival epithelial cells by CSLM was reported previously. 25 In brief, Ca9-22 cells were grown on coverslips in six-well tissue culture plates and infected with P. gingivalis suspensions (MOI=100) for 2 hours. After fixation and washing, cells were incubated with a rabbit polyclonal anti-P. 
Statistical analysis
All experiments were performed in duplicate or triplicate for each condition and repeated at least three times. Statistical comparisons were performed by Student t test or analysis of variance (ANOVA) with Tukey post test, using a software package (InStat 3.10, GraphPad Software, La Jolla, CA). A P-value less than 0.05 was considered significant.
Results

Cell viability and proliferation after treatment
With concentrations in the range of 1 to 100 µg/ml, nicotine showed no significant effect on the viability of Ca9-22 cells in 24-hour incubation, as assessed by the trypan blue exclusion (data not shown). Survival was greater than 85% at these concentrations. When nicotine concentration was increased to 200 µg/ml, a significant reduction in viability was observed; it was reduced to less than 10%. Although CSC exposure in the range of 1 to 100 µg/ml exerted no effect on the cell viability, CSC at 300 µg/ml (estimated nicotine conc. 7.2 µg/ml) showed a significant cytotoxic effect:
the viability was reduced to 30% of the untreated control (data not shown).
The effect of nicotine or CSC on cell proliferation was studied using WST-1 cell proliferation assay in subconfluent cultures of Ca9-22 cells. The results of the WST-1 assay followed a general trend of trypan blue exclusion: nicotine in the range of 1 to 50 µg/ml showed no significant effect on the cell proliferation (Fig.1A ) . Lower concentrations of CSC showed no significant effect on cell proliferation, whereas higher concentrations (50 to 200 µg/ml) exerted a statistically significant but slight increase in cell proliferation (Fig.1B ) . When the CSC concentration was increased to 300 µg/ml, cell proliferation was almost completely inhibited (data not shown).
Morphological and cytoskeletal changes induced by CSC
The effect of CSC on the morphology of Ca9-22 cells was assessed by phase-contrast microscopy. Untreated cells (control) showed regular shape ( Fig. 2A) . No significant vacuolization of the cells was observed by the addition of CSC with the concentration range of 1.0 to 250 µg/ml. CSC at 10 µg/ml induced a distinct change in morphology of Ca9-22 cells in 24 hours. The lamellipodia-like cell protrusions became longer and increased in number. When the concentration was increased to 250 µg/ml, the cells became roundish and lamellipodia-like cell protrusions were decreased.
CSLM observation showed actin rearrangement in cells treated with 10 µg/ml CSC (Fig. 2B ). When the CSC concentration was increased to 250 µg/ml, distinct aberrations in the cellular morphology and arrangement of actin cytoskeleton were observed.
In vitro wound closure in response to various concentrations of CSC
In the wound assay, nicotine at 0.1 µg/ml promoted wound closure of Ca9-22 cells in 12 hours (Fig. 3A and Fig. 3B ), whereas high concentrations (i.e., 50 µg/ml) inhibited it.
Within the concentration range that showed no significant cytotoxic effects, CSC demonstrated dual effects on wound closure: low concentrations (0.1-10 µg/ml) showed a dose-dependent increase in wound closure whereas high concentrations showed a tendency for inhibition ( Fig.3A and Fig. 3C ). The maximal inhibition occurred at concentration of 250 µg/ml CSC (nicotine conc. 6.0 µg/ml).
Effect of P. gingivalis challenge on wound closure
When Ca9-22 cells pre-exposed to CSC were infected with P. gingivalis ATCC 33277 for 2 hours, inhibition of wound closure was observed over the concentration range of CSC examined (Table 1) . At the concentration range of 1-50 µg/ml, the inhibition induced by P. gingivalis infection was statistically significant; the rate of wound closure was reduced to approximately 60-70% of the uninfected group. The trend for wound closure enhancement previously demonstrated at lower CSC concentrations was not observed in the presence of P. gingivalis.
Differential expression of integrin α3 in response to the CSC and/or P. gingivalis
Positive reactivity for integrin α3 was observed as red fluorescence and was detected in the control cells without CSC (Fig. 4) . In cells around the wound area, immunoreactivity for integrin α3 was most strongly observed and extended in the proximal cytoplasm to the scraped area. Exposure of Ca9-22 cells to ~10 µg/ml CSC for 24 hours resulted in a general increase in the integrin expression (Fig. 4A) . When the concentration of CSC was increased to 250 µg/ml, the immunoreactivity for integrin was reduced. In the presence of P. gingivalis, no increase in the integrin expression was observed in Ca9-22 cells exposed to 10 µg/ml CSC (Fig. 4B) .
To verify the integrin α3 expression at transcription level, mRNA expression in Ca9-22 was quantified using real time-PCR, and compared to that of integrin β4.
Treatment with 10 µg/ml CSC yielded a significant increase in integrin α3 mRNA expression (Fig. 4C) , collaborating the CSLM findings. The presence of P. gingivalis induced a reduction in the mRNA expression at this CSC concentration. In the cells exposed to high concentration of CSC, the expression of integrin α3 mRNA showed some increase (to near control level) in the presence of P. gingivalis.
No significant difference in integrin β4 expression was noted when Ca9-22 cells were treated with CSC with or without the presence of P. gingivalis (Fig. 4D ).
P. gingivalis invasion into CSC-treated cells
In order to explore the mechanism(s) of the modulation of wound closure by P.
gingivalis, we next assessed the role of bacterial invasion. Intracellular invasion of CSC-treated Ca9-22 cells by P. gingivalis 33277 was confirmed by CSLM (Fig. 5A, B) and quantified by the antibiotic protection assay (Fig. 5C ). When only the host cells were exposed to CSC, no significant differences in bacterial invasion was observed with different CSC concentrations (data not shown). There was, however, more than a 70% increased invasion in the 1 µg/ml CSC group compared to control, when the host cells and P. gingivalis were both exposed to the substance (Fig. 5A , B, C). Over a 2-hour period, no significant differences in bacterial viability could be detected between control media and CSC-treated media (data not shown).
Discussion
Environmental stimuli such as CS have profound impacts on human cells, with implications for a wide variety of disease processes. 26 Previous studies have explored the role of nicotine on the altered wound healing response described in smokers.
However, only recent studies have analyzed the role of the whole mixture of components present in CS that may affect cell responses involved in periodontal tissue 19, 20, 27, 28 repair.
In the present study, using a gingival epithelial cell line as a model, we evaluated in vitro the effects of CSC on host cell viability, proliferation, migration and potential interaction with a major periodontal pathogen, P. gingivalis. This study provides experimental evidence for the first time that non-lethal levels of CSC exert concentration-dependent biphasic effects on migration of gingival epithelial cells, which can be modulated by P. gingivalis infection.
Cell migration and cell morphology
It is of particular interest to note that at lower concentrations, nicotine promoted the wound closure of Ca9-22 cells. In our assays, we used nicotine with the concentration Similarly, our data demonstrated that, at lower concentrations, CSC promoted the epithelial wound closure, while it had no marked effect on cell proliferation. This observation is consistent with prior studies demonstrating an increased wound closure 20 30 by human gingival fibroblast and bronchial epithelial cell lines. At CSC concentration of 10 µg/ml, phase-contrast microscopic examinations revealed the formation of long lamellipodia-like cell protrusions. A similar cell behavior is considered to be involved in the morphogenesis of tissues during periodontal disease and regeneration processes. 31 Actin filaments play central roles in the shaping of cells, the maintenance of cell integrity, and stability of cytoskeletal interaction, as well as cell substrate adhesion. 32 In our experiment, changes in actin arrangement were observed by CSC incubation. These changes in cell morphology and cytoskeleton induced by CSC may be responsible for the modulation of wound closure.
On the contrary, with higher concentrations of CSC (> 100 µg/ml), a dose-dependent decrease in wound closure of Ca9-22 cells was observed, and at 250 µg/ml (estimated nicotine concentration 6 µg/ml), a significant reduction, approximately 60%, was noted compared to the control value. Considering that no significant reduction was noted with the comparable concentrations (1-10 µg/ml) of nicotine, our findings suggest that constituents of CS other than nicotine may play a significant role in this inhibition of the wound closure.
Epithelial wound closure is mediated by both cell migration and proliferation. 30 Loss of host cell cycle control by increased proliferation may affect periodontal tissue repair and initiate bacterial penetration into periodontal tissues. 31 Thus, it seemed possible that modulation of the wound closure observed in CSC-treated Ca9-22 cells was due to the changes in cell proliferation. In the present study, however, exposure with lower concentrations of CSC (< 10 µg/ml) exerted no significant effect on the proliferation of the Ca9-22 cells, as assessed by WST-1 cell proliferation assay.
Mechanisms involved in the epithelial wound repair following exposure to CSC
We next investigated the relationship of wound closure and the localization of adhesive factors under the influence of CSC. Integrins serve as a major family of transmembrane proteins that act as extracellular receptors. Integrins play critical roles in cell adhesion, migration, signal transduction and gene expression. 33 In a wound closure model using rat oral epithelial cells, integrin α3 was shown to be expressed at the side towards the extension of cells, suggesting its role in cell migration. 24 We demonstrated that 24-hour exposure of Ca9-22 cells to ~10 µg/ml CSC resulted in a general increase in integrin expression. In cells near the wound area, immunoreactivity for integrin α3 was strongly expressed in the peripheral cytoplasm. These findings are consistent with a previous study demonstrating that CS increased the expression of integrins in host cells. 34 Integrin modulation may be at least one of the mechanisms by which CSC affects wound closure of the gingival epithelial cells.
Effect of P. gingivalis infection on CSC-treated cells
During bacterial wound infection epithelial migration may be increased or decreased, depending on the type and amount of bacteria. 10 Our study showed that infection with live P. gingivalis cells abrogated the wound closure by Ca9-22 cells pre-exposed to CSC.
In the presence of P. gingivalis, the integrin expression was reduced in the CSC-treated cells. Previous research suggested that measuring protein expression may give biased results when working with viable P. gingivalis, due to its proteolytic activity. 35 Therefore, we assessed mRNA expression for integrin α3. The results from the real-time PCR were consistent with the CSLM findings: in the presence of P. gingivalis, the expression of integrin α3 appeared to show some decrease in the Ca9-22 cells treated with low concentration of CSC. Heat shock protein 60 from Aggregatibacter actinomycetemcomitans was shown to significantly affect epithelial cell migration through modulation of integrin α6 expression. 36 Unexpectedly, in the cells exposed to high concentration of CSC, the expression of integrin α3 mRNA showed some increase in the presence of P. gingivalis. At this time, we cannot provide an explanation for this, but this phenomenon may not be so relevant given the fact that the increase was at the level of the unexposed (to CSC) cells.
These results suggest that periodontopathic bacterial factors may influence tissue repair through modification of integrins.
The role of P. gingivalis invasion into CSC-stimulated cells
In order to better understand the effect of CS and/or P. gingivalis infection on epithelial wound closure, we set out to investigate P. gingivalis invasion into gingival epithelial cells stimulated by CSC. Components in the CS are considered to be capable of altering properties of epithelial cell surfaces. The presence of CS has been shown to increase both biofilm formation and host cell adherence by Staphylococcus aureus. 26 In the present study, with 1 µg/ml of CSC, a significantly increased P. gingivalis invasion was observed only when both the host cells and bacteria were exposed to CSC. In order to gain access into non-phagocytes, bacteria need to modify some host cell functions. It was reported that nicotine enhances meningitic Escherichia coli invasion of human endothelial cells through modulation of cytoskeleton. 37 P. gingivalis has been shown to utilize actin rearrangement to invade into gingival epithelial cells. 15 In the present study, we observed the actin rearrangement of Ca9-22 cells in response to low concentration of CSC, and this may partially explain the increased invasion of P. gingivalis.
It was reported that invasion of epithelial cells by P. gingivalis inhibited cellular migration and proliferation. 7 P. gingivalis fimbriae has been shown to efficiently invade epithelial cells and degrade focal adhesion components with Arg-gingipain, which causes cellular impairment during wound healing. 38 In the present study, the decrease in wound closure of control cells (not exposed to CSC) by P. gingivalis infection was not statistically significant (Table 1 ). This can be attributed to the difference in assay condition, namely types of P. gingivalis fimbriae and the duration of P. gingivalis infection.
The possible mechanisms for the increased intracellular invasion by P. gingivalis should be interpreted in terms of the effects of CSC on host cells as well as on pathogens. In this study, CSC in the culture media after the 24-hour incubation exerted no significant effects on bacterial viability during the 2-hour infection period.
Mechanistically, it is known that smoke exposure alters the activity of multiple P.
gingivalis genes and the expression levels of several membrane proteins. Studies show augmentation of dental plaque-associated biofilms owing to increased production of P.
gingivalis fimbrial protein in the presence of CS 39 and altered expression of outer membrane protein leading to suppression of the proinflammatory cytokine response 40, 41 mediated by P. gingivalis. The exact effects of CS on the physiology and pathogenic potential of P. gingivalis remains to be clarified.
CSC exposure induced production of lamellipodia-like structures in the host cells.
Bacterial binding to the tips of the epithelial lamellipodia may disrupt the functions of localizing and harnessing actin polymerization for cell motility. 31 In the pathogenesis of periodontal disease, bacterial binding to the lamellipodia of gingival epithelial cells may disrupt tissue repair by hindering the cell-cell and cell-matrix contacts. The lamellipodia of migrating epithelial cells have been suggested to become targets for Prevotalla intermedia binding. 31 Bacteria usually target cellular adhesion molecules, such as integrin, fibronectin, and laminin, to adhere to and invade host cells, 24 and P. gingivalis adhesion to epithelial cells has been considered to be facilitated by cellular α5β1
integrin. 43 Given these findings, it can be speculated that P. gingivalis targeted the cellular adhesion molecules expressed in the CSC-treated Ca9-22 cells allowing their adhesion to and invasion of the host cells.
Significance and limitations of the findings
In relation to the observed dual effects of CSC on in vitro wound closure of gingival epithelial cells, it can be interpreted that inhibition may mean reduced cell migration that leads to compromised healing of periodontal tissue. Although increased epithelial wound closure by CSC may appear to be a beneficial effect, such phenomenon in the bronchial epithelial cells has been implicated in the development of lung cancer. 30 Our findings also illustrate the delicate equilibrium between epithelial cells and periodontal pathogens that can be disrupted by the exposure to insults such as CS.
Effect of CS on human being is determined by many factors such as type of cigarette, manner and history of smoking. 44 In this study, we used a gingival epithelial cell line as surrogate target cells for effects that may occur in the true target tissues in vivo. It is likely that the in vivo exposure of cells to toxins in inhaled smoke will differ, due to the different concentrations of toxins and to the modulatory effects of proteins and other factors present in the cellular milieu. The translation of 'liquid smoke' to in vivo situations is complicated by the different compositions of liquid extract and gaseous smoke, and by an inability to predict the appropriate concentrations and durations of exposure that relate to actual smoking. 45 Despite these limitations, however, in vitro experiments with CSC have a history of 19, 27, 46 providing useful information. CSC is composed of major toxicants such as nicotine, phenol, anthracyclic hydrocarbons, nitrosamines, heavy metals and chemical carcinogens, such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. 27 The results from the present study also suggest that bioactive constituents of CS other than nicotine may affect the interactions between periodontal pathogens and host cells.
In conclusion, our findings indicate that CSC exerts a concentration-dependent biphasic impact on epithelial cell migration, which can be modulated by the interaction with P. gingivalis. This finding provides evidence for a potential mechanism by which CS components induce predisposition to periodontal infection and inhibition of periodontal tissue healing. A better understanding of the mechanisms by which CS affects cell functions in relation to bacterial infection may lead to improved interventions for the prevention and treatment of smoking-associated oral diseases including periodontitis. Representative microphotographs of the wound closure exposed to nicotine or CSC. 
